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Cell migration is a highly complex

process that requires the extension
of cell membrane in the direction of
travel. This membrane is continuously
remodeled to expand the leading edge
and alter its membrane properties. For a
long time it has been known that there is
a continual flow of polarized membrane
traffic towards the leading edge dur-
ing migration and that this trafficking
is essential for cell migration. However,
there is little information on how the
cell coordinates exocytosis at the lead-
ing edge. It is also unclear whether these
internal membranes are incorporated
into the leading edge or are just deliver-
ing the necessary proteins for migration
to occur. We have shown that recycling
endosome membrane is incorporated
into the plasma membrane at the leading
edge to expand the membrane and at the
same time delivers receptors to the lead-
ing edge to mediate migration. In order
for this to happen the surface Q-SNARE
complex Stx4/SNAP23 translocates to
the leading edge where it binds to the
R-SNARE VAMP3 on the recycling
endosome allowing incorporation into
the plasma membrane. Loss of any one of
the components of this complex reduces
efficient lamellipodia formation and
restrains cell migration.

Cell migration is a highly dynamic and
fundamental component of many physi-
processes,
including mounting an effective immune

ological and pathological

response, organogenesis, wound heal-
ing and tumor metastasis. In many cases
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migration is targeted, such as in devel-
opment, and some sort of chemotactic
gradient may well attract cells to their des-
tination. It is a remarkable process in that
cells may have to pass over many differ-
ent surfaces, squeeze themselves through
small spaces and sometimes through other
cells to reach their destinations. There
are a number of distinct steps that con-
tribute to cell migration including pro-
trusion of the leading edge, adhesion at
the leading edge and de-adhesion of the
rear of the cell, and cytoskeletal contrac-
tion to pull the cell body forward as the
cell moves.! Actin polymerization just
under the plasma membrane at the front
of the cell and altered membrane dynam-
ics help drive protrusion of the dynamic
lamellipodia during migration (Fig. 1).
In comparison to our knowledge of actin
dynamics and its regulation during migra-
tion exactly how a cell controls its plasma
membrane at this leading edge is poorly
understood.

Insertion of Recycling Endosome
Membrane in the Plasma
Membrane is Required for
Efficient Lamellipodia Expansion

Data suggests that there is an inverse
relationship between the rate of lamel-
lipodia extension and plasma membrane
tension.”® Actin polymerization at the
leading edge pushes against the plasma
membrane and while this membrane is
reasonably flexible and fluid it is relatively
inextensible and does not stretch lead-

ing to increases in membrane tension.*

Volume 4 Issue 1



edited using Imagel. Selected frames are shown.

Figure 1. Dynamics of the lamellipodia formation in migrating macrophages. Macrophages
plated on fibronectin coated glass bottom dishes (MatTek) were stimulated with 100 nM fMLP and
imaged at 37°Cin CO, independent media. Movie frame rates were captured every 5 min over 3 h.
Images were captured using Metamorph V67.1 software (Molecular Devices, Sunnyvale, CA) and

Expansion of the plasma membrane with
amphiphilic compounds or fluorescent
lipids decreases plasma membrane tension
and augments lamellipodia extension.?
Conversely, increases in membrane ten-
sion by means of osomotic swelling were
found to decrease lamellipodia extension
rate.’ Accordingly, this inverse correla-
tion between lamellipodia expansion rate
and membrane tension suggests that a
lowering of membrane tension could aid
lamellipodia extension. This loss of mem-
brane tension may well result in sufficient
displacement of the plasma membrane to
allow addition of actin monomers to the
actin filaments that drive lamellipodia
formation and migration.® The lowering
of membrane tension could arise through
the flattening of existing membrane folds,
which effectively act as an initial mem-
brane reservoir to buffer plasma mem-
brane tension.” Stationary macrophages
have many surface invaginations that may
serve this purpose.® However, depletion
of this membrane reservoir would lead
to a rapid rise in membrane tension” and
data suggest that the addition of internal
pools of membrane to the plasma mem-
brane may act to counteract this ten-
sion.”!! Whilst migrating cells have been
shown to undergo polarized, microtubule-
dependent exocytosis towards the leading
edge,”"! the source of extra membrane and
the molecular mechanisms involved in its
incorporation during lamellipodia expan-
sion are poorly understood. Integrins are
heterodimeric transmembrane adhesion
receptors by which cells attach to the
extracellular matrix and are key com-
ponents in cell migration.!” It has been
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proposed that one source of membrane for
lamellipodia expansion may be from the
internal pools of membrane that deliver
these receptors to the front of the cell for
adhesion during migration.”!

In order for membrane from internal
organelles to be incorporated into the
cell surface the two membranes must
first fuse. All fusion events between inter-
nal organelles/tubules/vesicles and the
plasma membrane rely on the SNARE
(soluble N-ethylmaleimide-sensitive fac-
tor attachment protein receptor) family
of proteins.’*** SNARE proteins regulate
membrane fusion by bringing two mem-
branes into close proximity to facilitate
fusion.*" Thisisachievedbyan R-SNARE
located on the donor membrane binding
to its cognate Q-SNAREs on the target
membrane to form a trans-SNARE com-
plex (Fig. 2). Inhibiting the formation of
a specific trans-SNARE complex either by
expression of mutant proteins or by reduc-
ing protein levels using siRNA results in
loss of fusion mediated by this complex.
There are 38 known mammalian SNARE
proteins that are selectively distributed on
different membranes within the cell and
by defining their location and functional
partners they can be used to map traf-
ficking pathways and fusion events.>>"
Using SNARE proteins our study revealed
the R-SNARE VAMP3-positive recycling
endosome membrane to be a source of
internal membrane that is incorporated
into the plasma membrane at the leading
edge to facilitate lamellipodia expansion
(Fig. 2A). Live imaging confirmed the
insertion of VAMP3-positive membrane
into the lamellipodia as it is expanding.
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VAMP3 on the recycling endosome was
found to pair with Stx4/SNAP23 on the
cell surface. Reducing fusion using siRNA
specific to any one of the components
of the Stx4/SNAP23/VAMP3 complex
restrained lamellipodia expansion and
altered macrophage migration on fibro-
nectin. Our study shows that along with
the incorporation of its membrane the
recycling endosome also delivers its cargo
and machinery proteins including the
integin a5B1 (the fibronectin receptor)
that directs migration of cells on fibro-
nectin. Thus, insertion of the recycling
endosome into the leading edge not only
regulates the delivery of the recycling
endosome cargo integrin required for cell
migration, but it is also a major source of
extra membrane necessary for efficient
expansion of the lamellipodium.

The Stx4/SNAP23/VAMP3 SNARE
Complex Regulates Cell
Morphology and Lamellipodia
Formation in Macrophages

Our study showed that migrating mac-
rophages with reduced levels of the recy-
cling endosome R-SNARE VAMP3,
which regulates it fusion with the plasma
membrane, had an altered morphology.
Cells were mainly spindly and elongated
with one major leading edge that was
reduced in actin as compared to control
cells that were generally more spread
with  well-formed lamellipodia and
strong actin-rich dorsal ruffling. Thus,
VAMP3 regulates cell morphology and
lamellipodia formation. Surprisingly, our
study showed that cells lacking Stx4 had
multiple actin-rich spindly protrusions
and were unable to exocytose VAMP3-
positive recycling endosomes. The mul-
tiple sites of protrusion in cells that lack
Stx4 may indicate a defect in cell polarity
in these cells.

The Surface Q-SNARE Stx4/
SNAP23 is a Key Regulator of
Focal Exocytosis at the Plasma
Membrane

Membrane fusion must be coordinated at
the leading edge in order to expand mem-
brane in the lamellipodium. The surface

Q-SNARE Stx4/SNAP23 is emerging
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Figure 2. The SNARE complex Stx4/SNAP23/VAMP3 regulates incorporation of recycling endo-
some membrane into lamellipodia. (A) The R-SNARE VAMP3 on the recycling endosome forms a
complex with its cognate partner Q-SNARE complex Stx4/SNAP23 on the cell surface to mediate
incorporation of the recycling endosome membrane in the leading edge. (B) Integrin a5B1 (the
fibronectin receptor) is endocytosed from the cell surface and trafficked through the early endo-
some to the VAMP3-positive recycling endosome. Integrin o581 is then recycled to the leading
edge through the incorporation of the recycling endosome membrane at the leading edge, this
not only delivers the cargo integrin to the leading edge but also adds extra membrane for expan-
sion of the lamellipodia. Stx4/SNAP23 translocates to the leading edge in migrating cells where it
acts as the surface Q-SNARE that partners VAMP3 to regulate incorporation of recycling endo-

as a key regulator in the focal exocytosis
of recycling endosomes.®""? We showed
that Stx4/SNAP23, normally found over
the entire macrophage cell surface in non-
activated stationary cells, translocates and
accumulates at the leading edge in migrat-
ing macrophages (Fig. 2). In the lamel-
lipodia Stx4/SNAP23 regulates the focal
exocytosis of membrane from recycling
endosomes by forming a complex with its
R-SNARE VAMP3 to expand the lamel-
lipodia and deliver receptors essential for
efficient cell migration (Fig. 2). Loss of
this complex leads to a decrease in integrin
delivery to the cell surface and reduction
in migration, signifying the importance of
this complex in migration. The ability of a
macrophage to migrate in tissues is critical
for it to perform many of it immune func-
tions, however many other cell types are
also capable of migration. Thus, we tested
whether this same complex is also located
at the leading edge in fibroblasts and epi-
thelial cells in response to wounding and a
similar redistribution of Stx4/SNAP23 to
lamellipodia was seen. These results sug-
gest that the relocation of Stx4/SNAP23
to lamellipodia is also required by other
cell types for migration to occur.

The capacity of macrophages to hast-
ily expand their cell surface is also a

46

requirement for other specific immune
functions and the relocation of Stx4/
SNAP23 at the cell surface is key to this
expansion. During phagocytosis mem-
brane protrusions or pseudopods extend
around the microorganism to engulf it.
The site-specific exocytosis of recycling
endosome membrane at the nascent
phagocytic cup contributes membrane
for this elongation of pseudopods dur-
ing phagocytosis.*"” Again, the plasma
membrane Q-SNARE  Stx4/SNAP23
translocates to the site of expansion
where, in combination with VAMP3 on
the recycling endosome, it regulates the
focal exocytosis of membrane required
for expansion of the phagocytic cup dur-
ing engulfment of a microbe.*" In neu-
ronal cells Stx4 has recently been shown
to define a site of exocytosis for AMPA
receptor-containing  recycling compart-
ments at the tips of dendritic spines that
direct membrane fusion and regulate post-
synaptic plasticity.”” The location of Stx4
to the basolateral membrane in polarized
epithelial cells is thought to regulate deliv-
ery of cargo specifically located on the
basolateral membrane.?®* In all the cases
mentioned above Stx4 is key to the polar-
ized delivery of vesicles to specific loca-
tions on the plasma membrane suggesting

Communicative & Integrative Biology

Stx4 acts to define sites of focal exocytosis
in the plasma membrane. These results
together suggest Stx4/SNAP23 is a key
regulator in focal exocytosis of recycling
compartments at the plasma membrane
both in macrophages and in other cell

types.
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